Variable geometry turbines are widely employed to improve the off-design performance of gas turbine engines; however, there is a performance penalty associated with the vane-end partial gap required for the movement of variable vanes. This paper is a continuation of the previous work and aims to understand the leakage flow and loss mechanisms under the influence of the pivoting axis. Experimental investigations with a variable geometry turbine linear cascade have been conducted for tip gap heights of 1.1% and 2.2% blade spans as well as setting angles of À6
Introduction
Marine gas turbines spend most of their lives operating at part-load power; however, the poor off-design performance is a well-known undesirable characteristic of gas turbine engines. The flow misalignment at various blade rows causes losses to increase sharply, thereby reducing net-output faster than reducing fuel consumption. A feasible and effective way to improve the off-design performance of marine intercooled recuperated gas turbines is by using a variable geometry power turbine. 1 In addition, there are also good possibilities of using variable geometry turbines in diesel engine systems as well as rotorcraft systems, especially in tilt-rotor systems and vertical takeoff and landing vehicles. The variable geometry turbine offers the advantage of controlling the flow capacity of gas turbines, and it therefore can be used to adjust the gas turbine operating point to a more favorable condition than that if fixed stator vanes are used.
The concept of using variable geometry turbines to alter the gas turbine characteristics has been in existence for a lot of years, and there are some publications about the effects of variable geometry on the turbine efficiency. Moffitt et al. 2 summarized the experimental results of the one-stage turbine investigated at different stator vane setting angles.
The results showed that, the turbine efficiency decreases at any given pressure ratio as the vane setting was changed from design to either closed or open. The overall result was a decrease in peak efficiency of about 1% for the open setting, while the turbine efficiency was reduced by about 5% for the closed vane setting. Razinsky and Kuziak 3 presented experimental results for the variable-geometry power turbine stage with stators set at reduced, design and increased areas and in the braking position. The results showed that flow rate does not vary linearly with stator throat area. At the design pressure ratio, a 33% increase in area from the design area setting yields only an 18% increase in the flow rate, while a 22% reduction in area yields an 18% reduction in the flow rate. This flow characteristic is attributed to the flow restrictions being imposed by the fixed geometry rotor at the design and increased stator areas and by the variable geometry stator at the decreased stator area. On the whole, this gas turbine engine exhibits improved part-load specific fuel consumption due to the ability of running at higher turbine inlet temperatures afforded by the variable geometry power turbine, since the part-load operation can be achieved by closing the variable stator vane, rather than by reducing the turbine inlet temperatures (which seriously deteriorates the gas turbine performance). Nonetheless, the numerical investigation of Bringhenti and Barbosa 4 indicated that the variable geometry turbine causes the engine efficiency to increase at the expense of lowering the surge margin. So, it is very necessary to combine variable geometry compressors and variable geometry turbines in the same gas turbine engine if better off-design performance is being sought.
In most applications of interest, multistage power turbines are required. This leads to several difficulties in the variable geometry turbine experiments, and then makes them expensive. Consequently, an efficient way to evaluate the performance of such turbines is eagerly required. Qiu et al. 5 presented a new ''bottomup'' method that could predict the steady performance of variable geometry turbines. Examined against the turbine experimental data by Moffitt et al., 2 the computational results show good agreements with the experimental results. It can also be employed to predict the performance of multistage turbines with variable geometry used in each stage.
For the use of variable geometry in marine combined cycles, Haglind 6, 7 investigated the influences of variable geometry on the off-design performance of gas turbine engines and their effects on the offdesign efficiency for combined cycles used for the ship propulsion. The results indicated that, when both gas turbine configurations, a two-shaft aeroderivative configuration and a single-shaft industrial configuration, are running in part-load by using fuel flow control, the results show better part-load performance for the two-shaft gas turbine, and the combined cycle part-load performance can be improved by the use of variable geometry gas turbines.
It should be emphasized that, by taking into account the potential of variable geometry turbines, the advantage gained through its use is not counteracted by an associated reduction in turbine efficiency. Therefore, in addition to understanding the effect of variable geometry on turbine efficiency, it is essential to fully understand the factors affecting this efficiency that such performance penalties should be minimized. Razinsky and Kuziak 3 found that there are performance penalties associated with the vane-end clearance required for the movement of variable vanes. Yue et al. 8 numerically investigated the flow fields of variable geometry turbines with spherical or cylindrical endwalls, by means of neglecting the effects of a pivoting axis. The clearances between the cylindrical endwall and the vane are not uniform under off-design setting angles, while the vane-to-spherical-endwall clearances keep constant at all setting angles. The results indicated that the efficiency in the spherical endwall case is reduced when the setting angle deviates from 0 ; however, the efficiency in the cylindrical endwall case achieves its maximum value when the vane setting angle is located at about À5
. Gao et al. 9 preliminarily redesigned the first stage of a high endwall slope angle power turbine to incorporate variable vanes by proposed stepped spherical endwall concept. The results showed that the efficiency of the new-designed variable geometry power turbine keeps nearly unchanged as compared to the fixed geometry turbine.
The understanding of complicated threedimensional tip leakage flow structures has been gradually improved through a large number of studies in the last 30 years. [10] [11] [12] Recently, the focus of blade tip investigations has been increasingly moved towards investigating the tip leakage flow fields in more engine-realistic conditions. Recent aerodynamic and heat transfer tip gap studies in transonic cascades have shown the significant impact of compressibility on flow and losses generated in the tip gap region of fixed geometry turbines, and qualitative differences of loss mechanism and blade tip heat transfer between low-speed and high-speed conditions have been identified. 13, 14 However, very little information is available in the literature concerning real vane-end clearance effects on aerodynamic losses in a variable geometry turbine cascade.
The main objective of the paper is to gain a deep understanding of the leakage flow and loss characteristics under the influence of the pivoting axis, in an attempt to guide the vane-end clearance design of variable geometry turbines. Three-dimensional leakage flow fields downstream of the cascade were measured with a five-hole probe, in order to identify the aerodynamic values at the outflow of the variable vane cascade. Meanwhile, with the purpose of analyzing the three-dimensional tip leakage flow fields, the tip endwall static pressure distribution and vane loading were also measured. The effects of tip gap height and vane setting angle were considered. Besides, numerical calculations were also employed to investigate the leakage flow streamlines over the vane tip, passage-averaged total pressure loss development and tip leakage flowrate in various cases, which are not easily measured in the experiments.
Experimental apparatus and procedures

Low-speed wind tunnel and variable cascade
In order to reveal the three-dimensional leakage flow characteristics associated with partial gaps, the experimental measurements were first made in a linear cascade wind tunnel, and the test-section has a cross-section of 90 mm Â 240 mm. Figure 1 presents a photograph of the low-speed cascade wind tunnel with variable vanes, and the vane profile is derived from a 1.5-stage axial subsonic test turbine. 15 It should be noted that the tip cavity has been filled up in the current study to investigate the flat vane tip leakage flow characteristics. The turbine cascade is made of five pivotable mounted vanes, which are linked together mechanically and driven by a variable-vane adjusting device as shown in Figure 2 , and they are made of aluminum. The periodicity of the flow in the cascade at midspan was achieved mainly by more test vanes and auxiliary adjustment of sidewalls. Here, the vane setting angle is changed from À6 to 0 and 6 . Correspondingly, the vane throat area is varied from 88.48% to 110.99% of the design throat area. The space between the five vanes and the tip endwall forms partial gaps due to the blockage effects of a pivoting axis, and tip gap heights of 1.1% and 2.2% spans are considered in this investigation. The diameter of a pivoting axis is 19 mm, and the pivot is located at 50% axial chord. The schematic of the vane profile used in this study is also presented in Figure 2 , and the turbine cascade parameters are shown in Table 1 . It should be noted that the computational fluid dynamics (CFD) inlet and outlet boundary conditions were set to the same values as the experiment.
Instrumentation and data acquisition
The cascade inlet flow conditions were measured by two Pitot probes, respectively in the settling chamber and approximately one chord length upstream of the cascade inlet section, and a PT100 thermal-resistor thermometer was used to record the inlet total temperature. The total pressure loss coefficient and secondary flow at the cascade downstream were measured by a five-hole probe and three-axis autotraversing system, and the main measurement-plane was located at 1.4 axial chord lengths downstream of the leading edge (LE) plane. The five-hole probe traversed 60 mm and 60 mm in spanwise (x) and pitchwise (y) directions respectively. Five-hole probe measurements were collected at 25 spanwise positions starting at 32% span and moving towards the tip endwall, with the last location at about 99% span. It should be noted that more spanwise positions were collected near the variable vane tip region, in order to accurately capture the leakage flow fields. At every spanwise position, 25 evenly-spaced pitchwise data points were collected. Overall, a total of 625 grid points were obtained in the measurement plane.
In order to measure the vane loading on the vane surface, the central vane of the cascade was equipped with 19 suction side and 18 pressure side static pressure taps positioned at midspan locations. The tap diameter (0.6 mm) was manufactured as small as possible in order to minimize the interference effects on the profile boundary layer development. The spacing between taps varied depending on the local surface curvature. In view of the movement of vanes, 110 pressure taps are instrumented on the tip endwall to ensure that the complete static pressure distribution on the endwall surface at all setting angles can be obtained.
Pressures of the five-hole probe and the Pitot probes were measured by 16 pressure sensors (accuracy ¼ 0.1% of full scale of pressure sensors (À80 kPa to 120 kPa)). The auto-traversing system and pressure sensors were operated by a self-compiled control program. At every measuring point, pressure data were measured at the rate of 1 kHz for 1 s and then averaged. After the probe was traversed to the next point, a break of 5 s was made in order to ensure the measured pressure was not affected by the probe movement. Vane and endwall surface static pressures were also measured by the above-mentioned program.
Experimental conditions and uncertainties
The air flow in the wind tunnel was driven by the centrifugal compressor controlled by a DC electromotor, and the speed ratio of compressor to electromotor is 24. In order to make a fair comparison, the compressor rotational speed was kept constant during the experimental measurements. Here, the turbulence intensity at the test-section inlet is about 5%, and therefore the turbulence length scale is calculated as about 6.3 mm based on the test blade span. It is noted that as the vane setting angle is changed from design to either closed or open, the vane channel width is accordingly changed, and it inevitably changes the total pressure upstream of the cascade, which is representative of what would happen in a real variable geometry turbine. Even so, the inlet total temperature and the outlet pressure keep nearly constant for various vane setting angles. Overall, at closed (À6 ), design (0 ), and open (6 ) conditions, the test Mach number (calculated based on the inlet total pressure and outlet static pressure) at the outlet of the cascade is 0.31, 0.28, and 0.24, respectively. It is worth noting that a low-speed cascade is used here, since the real exit Mach number of a variable geometry turbine is about 0.44, and the Mach number effects are relatively weak. In addition, if interested, the readers can refer to the authors' previous research work 9 to understand the variable geometry effects in a real machine.
In addition, there are generally no parts in the front of a variable vane. Hence, the inflow angle can be expected to be perpendicular to the inlet plane of the variable vane for all vane setting angles.
Measurement uncertainties associated with fivehole probe locations are given by AE0.1 mm in both y-and z-directions. The uncertainty in the total pressure at the cascade outlet and static pressures at both the cascade inlet and the tip endwall were estimated to be AE3% and AE2%, respectively. The uncertainty in the pressures measured from endwall static pressure taps is AE0.1%. The uncertainty in the total temperature is estimated to be AE0.5 C Measured flow angles have an estimated uncertainty of AE1 .
Numerical techniques
The numerical predictions reported in the present investigation were performed with the commercial software package ANSYS CFX 11.0. 16 The governing equations were solved using a finite volume technique with a second-order upwind discretization scheme. The overall accuracy is of second order. The previous investigations about turbine blade tip leakage flows have shown that the standard k-! turbulence model gives a good match with the experimental data. 17 A new near-wall treatment developed for this turbulence model allows for the smooth shift from a lowReynolds number form to a wall function formulation, 16 dependent on near-wall grid densities. Based on this, a standard k-! two-equation model developed by Wilcox 18 is chosen in the present investigation for turbulence closure.
In order to facilitate the meshing of the tip gap, and to obtain a high mesh quality near the pivoting axis region, the mesh regions around the pivoting axes are simplified to be rectangular. The evidence is discussed as follows. The profile width at 50% axial chord is about 9 mm, which is small relative to the pivot diameter. Furthermore, the cross-section area of the pivoting axis is kept nearly unchanged when it is simplified from a real rectangular-like structure (Figure 1(b) ) to a computational rectangular-like structure ( Figure 3) . Therefore, it is a slight simplification. It does not change the flow patterns and the nature of the effects of the flow around a cylinder, but it only has a slight effect on the local pressure or velocity values, for example, slight differences of the tip gap flow between a circular and a rectangular shape at design and off-design conditions.
The commercial structured grid generation package Autogrid5 (preprocessor to NUMECA) was used in this investigation. Figure 3 shows the representative computational grids of the vane cascade and mesh details of the pivoting axis. The main channel is discretized into H-type grids, while the regions around the blade surface and the tip gap are discretized into O-type grids to ensure high grid quality. In order to consider the partial gap, a mesh is first generated considering a full gap and then the mesh in the gap is split in the streamwise direction and some blocks removed to consider the solid part of the partial gap. This shows that H-type grids are generated around the shaft. In addition, the grid is clustered near the LE and trailing edge (TE), and near the tip and pivot regions, and there are 23 nodes in the profile boundary layer to provide gridindependent results, and there are 33 grid layers distributed from the blade tip to the casing wall. There are more than 100 points from the LE toward the TE along the blade chord. The average of the dimensionless distance yþ (of the closest grid point from wall) on the wall is less than 1, and the maximum yþ on the wall (the suction surface) is about 3. Since the lowReynolds number k-! model would require yþ <2, no wall functions are used on the vane tip here.
The computational domain consists of a single blade passage with periodic boundary conditions imposed along the pitchwise direction. At the cascade inlet, which is placed at one axial chord length upstream of the vane cascade, total pressure, total temperature and flow angle are specified along with the turbulence intensity. At the cascade outlet, which is placed at a distance equal to 1.5 axial chord lengths downstream of the cascade, the static pressure is specified. All walls are assumed to be adiabatic, and the no-slip condition is applied.
The grid independence was checked by comparing solutions of the variable cascade from three different grids including 1.00, 1.16, and 1.37 million nodes at both the tip gap height of 1.1% span and the design setting angle. It can be found from the vane-tip loading distribution that the results from the prediction with 1.37 million nodes are in good agreement with those with 1.16 million nodes. Besides, in Table 2 , there are few changes in some statistical parameters (inlet mass flowrate, tip leakage flowrate, and cascade exit total pressure recovery coefficient) when increasing the grid nodes from 1.16 to 1.37 million, and with the finer meshes the predicted total pressure recovery coefficient actually converge towards the experimental value. Consequently, the total number of grid points is chosen as 1.16 million cells.
Results and discussion
For the coordinate system, x, y, z are the spanwise, pitchwise, and axial directions, respectively.
Vane pressure distribution and loading
The midspan static pressure coefficient distributions along the vane surface at different setting angles are presented in Figure 4 , and the static pressure coefficient is defined as the ratio of local static pressure to inlet total pressure. Note that the vane rotation alters the leading and trailing edge locations in varying degrees. In addition, the axial chord length is taken at the design point in Figures 4 and 5 . As shown, the predictions agree well with the experimental results. The variation of vane setting angles completely changes the vane loading distribution, which is different from the effect of flow incidence on the vane loading. At the design setting angle, the maximum lateral pressure difference is located at about 70% axial chord, and the cascade profile can be considered to be aft-loaded. As the vane setting angle is changed from design to closed, the vane loading increases and the minimum suction surface pressure is shifted towards the vane TE. Here, the cascade profile tends to be more aft-loaded, and therefore the main part of the vane tip leakage flow would not be blocked by the pivoting axis at a closed setting angle. Moreover, everything else, including the tip clearance, kept constant during changes in setting angle, the closed vane give rise to a larger relative leakage area (leakage area/throat area). Therefore, apart from the changes on the surface pressure distribution, the relative leakage mass flow must be fundamentally increased. Similarly, as the setting angle reduces from design to open, the tip leakage flow will be decreased due to the reduced relative leakage area, the reduced vane loading and the uniform-loaded distribution. It needs to be further mentioned that the smaller throat area caused by the closed vane leads to a positive incidence and a reducing suction side peak, and thus a streamwise shifting of the occurring flow phenomena like flow separation.
The effects of setting angle on the vane loading distribution near the tip (97.6% span) is shown in Figure 5 , and the no pivot case is adopted here as a baseline. Compared with Figure 4 , the tip leakage flow has great effects on the vane loading and its distribution at all setting angles. Especially on the rear part of the pressure side, the static pressure is reduced noticeably, due to effects of the tip leakage flow accelerating into the tip gap. In addition, compared the design case with the no pivot case, due to the effect of the flow around a pivoting axis, on the vane tip suction side, the static pressure in the regions near the pivoting axis reduces first quickly, then slowly, and again quickly. However, the existence of a pivoting axis has few effects on the static pressure distribution on the vane tip pressure side.
Three-dimensional leakage flow fields
Compared with fixed vanes, the flow fields in variable vanes are characterized by the partial gap leakage flow and its interactions with the endwall flow. Figure 6 clearly shows flow streamlines in the variable vane tip region at different vane setting angles. The pivoting axis acts as a blockage to the flow through the vane tip, and decreases the circumferential leakage area, compared to the without-pivot case. Additionally, the leakage flow is divided into two parts by the pivoting axis, and the first part of the leakage flow is relatively small, due to the small lateral pressure difference between the pressure and suction sides. Also, two distinct recirculation zones are induced upstream and downstream of the pivoting axis. As the flow moves downstream, the first part of the leakage flow does not roll into the leakage vortex, but joins with the passage flow, and still contributes to secondary flow effects inside the vane passage. Besides, there are significant interactions between the flow around the pivoting axis and the leakage flow in the vane tip rear part. After exiting the gap, the mixed-out leakage flow is rolled up, and the leakage vortex forms at the corner of the tip suction side. Moreover, the leakage vortex core is made up of the second part of the leakage flow; other leakage flows wrap around the core leakage vortices, and do not have to roll up on their own. The above analyses can be further proven from the corresponding total pressure loss contours in a variable vane cascade at the tip gap height of 1.1% span as shown in The pressure measurement on the tip endwall can be used to further investigate the leakage flow fields associated with partial gaps. Figure 8 shows the local static pressure to inlet total pressure ratio distributions on the tip endwall at the design setting angle. The black curves in the contours indicate the vane location under the tip endwall. The crosses indicate the location of pressure taps. As we know, the vaneend flow fields are complicated, due to the combined effects of the flow around a pivoting axis and the overtip leakage flow. It is found that the presented predicted data are close to the experimental data at two tip gap heights, especially for the prediction of the low-pressure region, although the magnitudes of predicted pressure values are over-predicted slightly, that may be because of the absence of a modelled inlet boundary layer and the limited prediction accuracy of the applied CFD models for simulating this complicated flows.
It is found from Figure 8 that the low-pressure region is located at the vane tip suction side near the TE. It extends from the front side of the pivoting axis to the vane TE, and it can be divided into two parts: the first part is caused by the effect of flow around the pivoting axis; the second part is due to the effect of tip leakage flow in the rear part of the vane tip. Overall, the low-pressure region on the vane tip endwall is larger in the 2.2% tip gap case than that in the 1.1% tip gap case. This can be seen by the size and positioning of the leakage vortex observed in Figure 6 .
Local and passage-averaged losses
The outlet total pressure loss coefficient is defined in the following way
where P 1t is a reference total pressure measured at the settling chamber; P 2t and P 2 respectively denotes outlet total and static pressures measured in the x-y plane.
In order to reveal the partial gap leakage loss mechanisms, the passage-averaged total pressure loss coefficient values are compared for the two tip gap height cases in Figure 9 , which are CFD results. Values remain almost constant until the vane LE (not shown). At about 15% axial chord, the loss coefficient in the 2.2% tip gap case begins to exceed that of the 1.1% tip gap case. The rate of increase of the loss coefficient in the axial direction is kept nearly constant until the downstream location of a pivoting axis; however, it increases sharply from the downstream location of the pivot to the vane TE. In order to demonstrate clearly the interactions between the flow around a pivoting axis and the leakage flow in the vane tip rear part, a comparison with the case with no pivot is also shown in the figure. Comparing cases of vanes with and without pivots, upstream of a pivoting axis, the total pressure loss coefficient in the with-pivot case is lower than that in the without-pivot case, due to the effects of local leakage flow field changes. However, downstream of the pivoting axis, it is increased significantly due to the effects of strong interactions. Table 3 shows the comparison of total pressure loss coefficients between vanes with and without pivoting axes at the TE location. At each tip gap heights, the existence of a pivoting axis increases the vane exit total pressure loss in varying degrees, although the pivoting axis acts as a blockage to the flow through the vane tip, and decreases the circumferential leakage area as shown in Figure 6 .
In addition, Table 4 shows the comparison of variable vane tip leakage flowrates at all cases. The total leakage flowrate increases with the setting angle changing from open to closed at two tip gap cases, which can also be proven from Figure 4 . It can be further seen from Table 4 that, most of the variable vane tip leakage flow passes through the tip gap in the tip region downstream of the pivoting axis at all cases. Due to the fact that the leakage flow is mainly driven by the lateral pressure gradients in unshrouded turbines, 19 it can be expected that the vane tip leakage loss could be reduced if the maximum lateral pressure difference of the vane were shifted towards the vane LE, or the vane loading were mid-loaded.
Detailed three-dimensional flow structures are also measured at 0.4 axial chord length downstream of the vane TE to evaluate the overall leakage. The spanwise pitch-averaged total pressure loss coefficient distribution has also been given, with the purpose of comparing the measured results quantitatively. The experimental and predicted total pressure loss distributions at two tip gap heights are presented in Figure 10 . Comparing the predictions with the measurements, it is found that the trends of predicted total pressure loss distributions are similar to that of the measurements. However, the magnitudes and size of the predicted values are underpredicted. The reasons are analyzed in detail as follows. First, the effects of incoming boundary layer to the cascade were not modeled in the current predictions, since the incoming boundary layer was not measured due to the limited experimental conditions. The boundary layer develops from the inlet of the computational domain as the flow enters the cascade passage, and the boundary layer near the tip leading edge is thinner than that for the experiments, which can delay the secondary flow development and lead to less aerodynamic losses. Based on Figure 10 (a), a numerical calculation, where the length of the inlet zone to the vane is enlarged so that a more realistic boundary layer can develop, has been carried out here to verify this as shown in Figure 11 . Combined with Figures 10 and 11, with inlet boundary layer effect, the total pressure loss distribution is closer to the experiment. Second, the accuracy of the applied CFD models for simulating these complicated flows might be not so high. 20 Moreover, it is shown that the differences between the experimental data and the predicted results are similar between the two tip gap cases, which confirms the above analyses to some extent. In addition, it is found that the position of the wake and the loss core differs between CFD and experiment, which is because more strong leakage vortex core tends to move further away from the vane suction side. It can also be seen from Figure 10 that the total pressure loss is usually generated in the region where the leakage vortex resides and in the wake region behind the vane TE. Besides, the highest value of the total pressure loss is found at the leakage vortex center, which means that the leakage vortex plays a key role in generating aerodynamic losses downstream of a variable vane. Here, the passage vortex could not be seen due to the effect of sparse measuring points. However, it can be seen clearly for the predicted results, especially in the 1.1% tip gap case, which shows the strong interaction between leakage and passage vortices. Nonetheless, the leakage loss in the 2.2% tip gap case is significantly larger than that in the 1.1% tip gap case as shown in Figures  10 and 12 .
The cascade losses associated with all the analyzed cases are summarized as shown in Table 5 , and they are measurement at 1.5 axial chord lengths downstream of the vane TE. Since the incoming endwall boundary layer was not modeled in the current calculations, it leads to loss differences between the current prediction and the experimental data, and the measured loss is larger than the prediction by both 1.35% points at 2.2% tip gap and 1.28% points at 1.1% tip gap. It is found that at two tip gaps, as the vane setting angle is varied from design to closed, the cascade loss is increased significantly, due to the change in vane loading. However, the cascade loss is reduced slightly as the vane setting angle is changed from design to open. Additionally, at each vane setting angles, an increasing tip gap height causes more cascade losses, which has also been confirmed by the above analyses. Moreover, it can be seen that for a given setting angle doubling of radial clearance gives only about 10% change in overall loss. The possible reasons are as follows. This is a stationary low-speed linear cascade test. The vane loading is very small, and the tip leakage loss per unit leakage flow is also very small. Although from Table 4 we can find that the tip leakage flow rate changes obviously with the tip clearance, the overall tip leakage loss varies slightly, because the tip leakage loss per unit leakage flow may change with the tip clearance in the opposite direction, based on the complex tip leakage flow fields. In addition, it should be noted that the comparison between Table 3 and Table 5 shows a nearly doubling of the losses in the flow downstream of the cascade, due to the different measurement locations for losses. The outflow yaw angle (from the circumferential direction, taken at 0.4 axial chord length downstream of the vane TE) distribution is also given as shown in Figure 13 , which can reflect the effects on downstream blade rows. The agreement between predictions and measurements in the main-flow region (between 33% and 85% radial heights) is relatively well, and the maximum deviation is less than 1.5 ; however, the maximum deviation in the tip clearance vortex region is approximately 4 , probably due to the effects of different endwall boundary layer thicknesses near the tip leading edge. Specifically, as analyzed above, the endwall boundary layer near the tip leading edge for the experimental measurements is thicker than that in the current predictions, and it leads to stronger secondary flows and more under-turnings; in the meantime, the flow angle in the main-flow region is over-turned by the interactive effects of strong secondary flows, which can be proven by the curve plots shown in Figure 13 . It is found that in the mainflow region, the pitch-averaged flow angle keeps nearly constant (a slight increase) with the tip gap height increasing. However, the flow under-turning phenomena in the tip region are strengthened due to the effect of increased tip gap heights, which deteriorates the endwall flow matching between blade rows to some extent.
Conclusions
This paper describes experimental and computational analyses of tip leakage effects for a variable angle stator vane. The pressure measurements on the tip endwall, vane surface and downstream of the cascade were performed, and numerical investigations were carried out to better understand the experimental results. Three vane-setting angles were examined at two tip gaps each. Main findings are summarized as follows:
1. Compared the design case with the no pivot case, due to the effect of the flow around a pivoting axis, on the vane tip suction side, the static pressure in the regions near the pivoting axis has significant variations, while the existence of a pivoting axis has few effects on the static pressure distribution on the vane tip pressure side. At each tip gaps, the existence of a pivoting axis increases the vane exit total pressure loss in varying degrees, although the pivoting axis acts as a blockage to the flow through the vane tip, and decreases the circumferential leakage area. 2. The low-pressure region on the variable vane tip endwall, which extends from the front side of the pivoting axis to the vane TE, is caused by combined effects of the flow around the pivoting axis and the leakage flow in the vane tip rear part, and there are strong interactions between them. It is larger in the 2.2% tip gap case than that in the 1.1% tip gap case. These features agree with the size and positioning of the vane tip leakage vortex. 3. The leakage vortex core is made up of the leakage flow in the rear part of the variable vane tip at two tip gap heights, and most of the variable vane tip leakage flow passes through the tip gap region downstream of the pivoting axis, which is different from the rotor tip. As the vane setting angle is changed from design to closed, the vane loading increases and tends to be more aft-loaded. Moreover, during changes in the vane setting angle, everything else, including the tip clearance, keeps constant, the closed vane give rise to a larger relative leakage area (leakage area/throat area). So, apart from the changes on the surface pressure distribution, the relative leakage mass flow must be fundamentally increased. Overall, the cascade loss is increased with the setting angle changing from open to closed at two tip gaps, while it is reduced slightly as the vane setting angle is changed from design to open.
The present work shows that the vane tip leakage loss could be reduced if the maximum lateral pressure Figure 13 . Spanwise pitch-averaged yaw angle distributions at two tip gap heights geometry vane passage at the design setting angle.
difference of the vane and the pivoting axis are in the same position along the variable vane. Therefore, further work should be done about the coupled design between the pivoting axis and the vane tip profile, with the purpose of obtaining the best size and location of the pivoting axis as well as the vane tip loading distribution. The present results can provide useful guidelines for the vane-end clearance and endwall design of variable geometry turbines.
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